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Scope of this document
We note that any project involving simulation has analytic elements, and involves model development, model selection and model checking. For purposes of this document, a project that involves modelling and simulation is one that has the objective of answering specified scientific or business questions using a statistical model or models, with the estimates from the model having a stochastic element; and/or having combinations of attributes that are not present together in a single dataset or in the individual assumptions used by the model; and/or extrapolating beyond the directly specified assumptions and/or beyond the support provided by the data on which the model is based. This Best Practice document applies to all projects that involve modelling and simulation as defined thus. See Table I for key definitions.
Rather than attempting to prescribe the content of inputs, methods and outputs pertaining to best practice, this document enumerates the required elements of a specification, and for best practice requires that the specification justify the level of detail and stringency of each element specified.
- Table I about hereThe document does not cover the details of investigative PK/PD modelling, but is designed to be generally applicable to modelling and simulation as used in any way in the development of new clinical treatments; it addresses the need for pre-specification in model informed clinical trial design and simulation. As part of best practice this document gives points to consider when deciding whether or not to use simulation.
Objective of this document
The objective of this document is to foster best practice in projects involving modelling and simulation. The document encourages appropriate use of modelling and simulation by describing the settings where simulation may and may not be useful; then the document proposes key elements of modelling and simulation that should be specified in advance.
The role of the specification The specification for a project involving modelling and simulation should be reviewed by team members, including those who will make use of the results of the project. Appropriate specification is necessary for best practice for a number of reasons. Firstly, a specification allows those who will make use of results to judge in advance whether in fact those results will help to answer the research question, and to contribute to improving the plan so as to answer the research question better. Secondly, when the project team uses an appropriate specification, the team will be enabled to act consistently to provide the planned outputs. Thirdly, if a project is adequately described in a specification, the degree to which the project achieved its specified goals can be assessed and the results reproduced. Thus appropriate specification encourages best practice in communication, planning and evaluation of the modelling-and-simulation project. It is recognized that the level of stringency with which a project is specified, carried out and checked should take into account the importance of that project. For example, at the European Medicines Agency-European Federation of Pharmaceutical Industries and Associations (EMA-EFPIA) Modelling and Simulation Workshop in 2011 it was "agreed that different standards will apply depending on the impact of M(odelling )&S(imulation)." [1] ; and an EMA speaker noted that there should be "Different standards for different exercises (L(ow) M(edium) H(igh importance))" [2] . Projects that involve modelling and simulation thus vary widely with regard to the level of detailed pre-specification and the level of quality control that can be justified as Best Practice. While this document does not prescribe the contents of elements of the specification in detail, in some cases it provides suggestions. Appendices containing examples of specifications for projects requiring low and medium/high levels of stringency are available as separate documents.
In reality, deviations from the specification may occur while undertaking a project. Furthermore, projects that involve modelling and simulation are often iterative. That is, a first run of the simulation and analysis often gives rise to questions that can be well answered by a re-run of the modelling and simulation, with amendments to the specification. With appropriate recording of deviations and amendments, the impact of these is auditable and can be assessed (see Section 3.4 "Quality Control" and Section 4 "Changes to the specification").
Introduction
Modelling and simulation uses rules derived from the observation of existing conditions in new but related conditions. Modelling and simulation allows the analyst to interrogate the interaction between one or more models and new assumptions. Modelling and simulation can be used in many ways when developing a treatment, from drug discovery to health technology assessment. In the simplest case, modelling and simulation could provide predictions from a well specified model, under a new set of conditions. At its most complex, modelling and simulation could use a variety of models, methodologies, and inferences, and/or require assumptions for situations that have not yet been observed or that can be derived only indirectly from observed data. The risk of the methods used may be commensurate with the differences vis-à-vis the previously observed conditions, and with the complexity of the modelling and simulation. The reporting of such studies should communicate this clearly.
Modelling and simulation typically involves applying model-based mathematical/statistical results that can be used as evidence in drawing conclusions about the behaviour of specific project characteristics.
A note on terminology: statistical models make use of assumptions, but model parameters tend to be estimated from real or historical data. Sometime we can use Bayesian prior parameters which can also be supported by historical information. If the project is developing over time, typically the estimates of model parameters are updated using interim data to update the posterior estimates. However, in projects involving modelling and simulation, there is in practice great flexibility in the degree to which the model is derived from a mixture of assumptions and of data. Sometimes, the values of parameters will be assumed, based loosely on historic data or on expert opinion. Therefore, this document tends to use the term "assumptions and data" where often the term "data" would be used.
Closed-form approaches vs. simulation In projects involving modelling and simulation, either closed-form solutions/mathematical formulae can be used (which are known or derived for the purposes of the projects), or use may be made of Monte Carlo simulation, or the results can be obtained by using a combination of both approaches.
Typically each project involving modelling and simulation consists of several stages. In the first stage, models are defined that link the initial assumptions or input data to the outcome(s) that need to be analysed. The second part involves the process of generating outcomes which can be done either by applying closed-form solutions or by using Monte Carlo simulation. Then the results (outcomes) are analysed with the objective of testing particular hypotheses or proving the existence of specific properties. As usual this analysis is made using statistical tests based on analytic solutions, e.g. testing the equality of means.
For some projects both closed-form analytic solutions and Monte Carlo simulation may be used. Typically, closed-form solutions can be derived for projects where we use standard types of distributions and outcome measures for which formulae are known, e.g. Gaussian or Poisson models without truncation. As usual, using closed-form expressions is preferred as pg. 4 this reduces the time required for analysis and eliminates errors due to the simulation process itself ("stochastic variability"). However, for many projects it may be difficult to derive closed-form solutions. In these cases Monte Carlo simulation techniques are used, sometimes combining the results obtained by simulation using analytic techniques.
Note that for some projects it might be appropriate instead of exact distributions to use approximations -often a normal or Poisson approximation. In the case of a normal approximation, it is enough to evaluate the mean and standard deviation (SD) of the resulting outcome, where in many cases the mean and SD can be calculated directly. In such cases the project may not require Monte Carlo simulation.
Examples of a project with a model whose estimates have a stochastic element:
 A project that simulates patient outcomes in order to assess the operating characteristics of candidate analysis methods.  A project that predicts future patient enrolment at interim time.
An example of a project with estimates that have combinations of attributes that are not present in the data or individual assumptions used by the model:
 A simulation of a dose-finding study with safety and efficacy profiles taken from separate sources for a range of doses, where both safety and efficacy must be taken into account together in assessing the risks and benefits of a design to identify viable doses of a new treatment.
An example of a model that extrapolates beyond the assumptions or data:
 A PK model that estimates serum concentrations for obese patients from those of nonobese patients.
Examples of projects that may allow closed-form solutions:
 A project which requires the evaluation of the cumulative outcome where the individual outcome is the number of events during the exposure time, where the rate of events may depend on subject covariates. In this case, if the rates and exposure times are given, the cumulative outcome has a Poisson distribution, in which case Monte Carlo simulation is not required.  For a large number of subjects, it would be enough to evaluate the mean and SD of individual outcome. This can be done analytically only for some special cases, e.g. where the rates are known and exposure times are either known and have some specific type of distribution, e.g. uniform or gamma. In this case, it is also possible to use a normal approximation for cumulative outcome and avoid Monte Carlo simulation.  For some projects, the opportunity to use closed-form solutions may depend on the logistics of project design. For example, for modelling global patient enrolment where there are not restrictions on the number of patients in different centres/regions we can use mixed Poisson process models that typically allow closed-form solutions [3] . However, if there are caps on the number of recruited patients in some regions, then analytic solutions become rather complicated and the natural way would be to use Monte Carlo simulation.
We note that in some projects the derived analytic relations and/or hypotheses about the behaviour of particular characteristics may benefit from verification by using Monte Carlo simulation of a variety of scenarios and illustration of the results by plots and tables. There are many papers (see e.g., [3] ) that use Monte Carlo simulation as the engine to test and verify the analytic results.
The Project Specification
Unless otherwise stated, a specification for a project involving modelling and simulation should have headings/subheadings corresponding to each of the headings/subheadings of this section, "The Project Specification" and its subsections. Thus this section constitutes a check list that can be used when drafting a specification for a project involving modelling and simulation. The Introduction of the specification, the Presentation of results and the Summary if included, should be understandable by non-statisticians, the audience for all other sections of the specification should be the statistical team (statisticians and statistical programmers). Summary A summary may be included. If included, the summary should as a minimum state the objective of the project.
Introduction of the specification
The introduction of the specification should describe the objective of the modelling and simulation and state how the objective is addressed by the modelling and simulation.
To the extent required by the project, the introduction should describe the clinical and operational setup (e.g. study design, indication, visits, treatments, enrolment scenarios, expected time to complete study, as appropriate); and the metrics and criteria used to draw conclusions.
In some cases, it may be possible to provide in the Introduction a justification for a level of detail covering all elements of the specification; otherwise, justification of the level of detail provided for each element, including the Introduction, will be required.
Simulation and analysis/design
The description of the simulation, analysis and design will have a number of elements. The level of detail with which each element is described should be justified.
The description of the simulation should allow the reader to understand how the simulation is planned to be carried out. At its most detailed, this section should allow the reader to reproduce the simulations.
The elements of the "Simulation and analysis" section of a specification are now covered individually.
Scenarios assumed and assumptions made
To the extent required by the project, the following should be described:
 the assumptions made and their basis;
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The level of detail with which these are described should be justified here, if this is not done elsewhere.
Scenarios should cover likely assumptions but, depending on the importance of the project, should also cover less-likely assumptions, preferably including assumptions unfavourable to the sponsor of the project, insofar as this can be planned in advance. If applicable, the degree to which assumptions are favourable and unfavourable to the sponsor should be stated and this statement justified. Where applicable, consider including a scenario where the null hypothesis pertains.
If prior distributions are assumed for parameters, these distributions should be justified.
As well as scenarios (often specified in terms of assumptions about model parameters), other assumptions of the model should be stated and justified. The specification may include a plan or recommendation for actions to verify the appropriateness of the model(s) used -see e.g. [4] for a standard text on model checking.
Sensitivity analyses
The specification should plan for, describe and justify analyses that assess the sensitivity of the conclusions to the primary assumptions of the project, and should describe the output of these analyses. This may be done in the course of specifying the variety of scenarios in Section 3.3.1 "Scenarios assumed and assumptions made". If no sensitivity analyses are performed, this omission should be justified. In particular, consider assessing sensitivity to missing data. An assessment of sensitivity to compliance may be considered.
Datasets generated
The process that generates the datasets should be described and the level of detail of this description justified. If suitable data could be simulated using bootstrap methods, it may be appropriate to provide justification for the use or non-use of bootstrap methods to generate the data sets.
Statistical analysis
The statistical analysis performed on the simulated datasets should be described and the level of detail of this description justified.
Operating characteristics
This section should describe the procedures used to calculate and justify estimated power to detect relevant differences in criteria used for conclusions. The section should also describe the assumptions made for this estimate of power and include description of the basis of those assumptions. If relevant to the objective of the project, this section should describe the procedures used to calculate type I error (probability of false positive finding for a nullhypothesis scenario). If Monte Carlo simulation is used, the number of simulations should be justified and the simulation error should be estimated. Burton et al. [5] give useful formulae to help with these calculations. It is recognized that feasibility may be a factor in deciding on the power/number of simulations.
The level of detail of the description of the operating characteristics should be justified.
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Logistics
Modelling and simulation can be affected by the parameters of the execution environment. Differences between hardware and operating systems can cause differences in absolute numeric values, which could be magnified using certain methods. The execution environment should be specified in sufficient detail to allow the results to be recreated.
The modelling and simulation will be affected by the implementation of the code. The specification should name software tools used, and the version numbers of those tools. This includes version numbers for the coding environment (R, SAS, etc.), modules of add-in code, and user generated commands.
The specification may include recommendations for optimising programming code with respect to speed, use of computer memory and/or development time If the code is not provided as an appendix/supplementary materials, the location of the code repository should be specified.
Give details of the mechanism used for creating pseudo-random variables if this is not apparent from the description of the logistics. State the seeds to be used.
The level of detail of the description of the logistics should be justified.
If applicable, this section should describe contingency actions for foreseeable practical problems such as lack of convergence or clinically unrealistic simulated values, and should justify the level of detail used for this description.
Quality control
As with other elements, the level of quality control (QC) for a project involving modelling and simulation may vary depending on the importance of a project. Projects are often categorised as of low, medium or high importance. An example of a project of low importance could be a simulation that is used to verify a known formula. An example of a project of medium importance could be where conventional analyses produce valid results but simulation is used to provide additional summaries that are easier to interpret clinicallyno new conclusions may be drawn from the results of the simulation, but the simulation results will contribute to the decision-making process. An example of a project of high importance could be where results from modelling and simulation are used in a regulatory submission to support a use of a new treatment, for a subgroup of patients not directly assessed in a randomized clinical trial.
For projects of low importance, the specification should be reviewed independently. Software tools used for generating results may be software accepted.
For projects of medium importance, the specification should be reviewed independently. Software tools used for generating results should be software accepted. It should be verified that under known conditions the analytical results display expected characteristics. In addition, the user code may be peer reviewed, and may be unit tested where appropriate to verify expected behaviour.
pg. 8 For projects of high importance, the specification should be reviewed independently. Software tools used for generating results should be software accepted. The user code should be peer reviewed. Unit testing may be used to verify expected behaviour. The project results should be quality controlled via independent programming. Independent programming is the comparison of the outputs from two independently programmed models/simulations that follow the same specification. This can be a reliable QC of both the correctness of the computer code and the clarity of the specification, both of which are sources of error in practice.
Quality control of the generation of the data can be separated from QC of the analysis and presentation of results. The QC of the generation of the data could be performed via independent programming using a common seed and agreed outline of the order of the implementation of steps (including agreed order of sorting of data pertaining to the generation of the pseudo-random variables).
The specification may require that programs and/or datasets be auditable.
The QC strategy should be described in the specification. The specification should justify the level of planned QC.
Presentation of results
The specification should describe the items planned to be estimated overall. The items planned to be estimated at each simulation should also be described, or the omission of this description justified. If there is a hierarchy of summaries, this should be described and the estimates pertaining to each level of the hierarchy described, or its omission justified. It is recognized that the presentation of results may vary depending upon the audience for the presentation. This section of the specification should describe how the results will be presented and justify the contents, format and level of detail of the presentation for each planned audience. Graphical presentations should be considered.
This section should also describe how the bias, accuracy and coverage of the results will be presented, or justify the omission of these items from the presentation.
Confidence intervals should be presented for results, or their omission justified.
As appropriate, this section should describe the format for storage of the items estimated and justify the level of detail used for this description.
Changes to the Specification
The specification for a project that involves modelling and simulation should when finalised have a dated signature attached to it in an auditable fashion, or a justification for the omission of this should be given in the specification. The date associated with the first final version of the specification should at the latest be prior to the date of the first generation of simulated data used to provide project results. If the date is later, a justification of this should be included.
As noted (section 1, "Scope of this document"), projects involving modelling and simulation tend to be iterative, and thus amendments to the specification are often necessary. At least for projects of medium and high importance, amendments to the specification made after the first signed dated final version should be clearly indicated as amendments. Such amendments should be signed, dated and justified, or the omission of these particulars should itself be justified. The version number should reflect amendments. Among other ways of recording amendments the following may be considered:
 revision history  formal amendment, giving reason for change (analogous to protocol amendment)  including changes or new versions of the specification as appendices.
Programs and/or datasets may be auditable (see Section 3.4 "Quality Control").
Project programs and/or outputs should be linked in an auditable manner to the version of the specification used, or the lack of such links should be justified in the section of the specification that specifies Quality Control.
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